The effects of solvents of various polarity on the electronic absorption and fluorescence spectra of 7-hydroxy-4-trifluoromethyl coumarin; 6,7-dihydroxy-4-trifluoromethyl coumarin and 7-methoxy-4-trifluoromethyl coumarin have been investigated. The singlet-state excited dipole moments (μe) and ground state dipole moments (μg) are estimated from Bakshiev and Kawski-Chamma-Viallet equations by using the variation of Stokes' shift with the solvent's dielectric constant (ε) and refractive index (n). The observed singlet-state excited dipole moments are found to be larger than the ground-state ones. In addition, the geometry and other electronic properties are computed using ab-initio method with correlation functions at 6-31G basis set.
Introduction
Coumarin and their derivatives show remarkable biological, chemical and physical properties and are useful probes in photochemical studies [1] [2] [3] [4] . Being highly fluorescent, coumarins act as fluorescent indicator, sunburn preventive and may be used in estimation of enzymes and has application in medicine [5] [6] [7] [8] [9] [10] . The knowledge of absorption and fluorescence characteristics of these coumarins in various solvents and at different temperatures helps in understanding their use as laser dyes [11] [12] [13] [14] . In the substituted coumarins; electron donating and withdrawing groups attached at various positions, alter their chemical reactivity in solvents of polar or non-polar nature. They also alter the dipole moment in ground and excited states. This helps in understanding the behavior of these compounds in ground and excited states [15] [16] [17] .
The present work deals with the absorption and fluorescence characteristics of hydroxy and methoxy derivatives of 4-trifluoromethyl coumarins in different solvents of polar and non-polar nature. The absorption and fluorescence spectra of 7-hydroxy, 6,7-dihydroxy and 7-methoxy derivatives of 4-trifluoromethyl coumarin in various solvents are obtained and then the dipole moments in ground and excited states are calculated, using solvatochromic data. The excited state dipole moment of a dye is an important parameter, as it provides information about the change in electronic charge distribution due to excitation. A prior knowledge of the dipole moments in excited states is often useful in the design of non-linear optical material [18] . The solvatochromic technique gives important information about electronic transitions. Solvatochromic technique is quite useful for assignment of n→π* or π→π* transitions. It is a popular way to determine the dipole moments in ground and excited states for short-lived states [19] [20] [21] [22] . This technique is based on a linear correlation between the wave numbers of the UV-VIS spectra of solute and solvent polarity function of ε (dielectric constant) and n (refractive index) of the solvent [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] .
Experimental

Chemicals
The laser dyes 7-hydroxy-4-trifluoromethyl coumarin (7H4TFMC), 6,7-dihydroxy-4-trifluoromethyl coumarin (67DH4TFMC) and 7-methoxy-4-trifluoromethyl coumarin (7M4TFMC) in pure form were obtained from Sigma Aldrich Chemicals (USA) and used as received. The molecular structures of these dyes are given in Scheme 1. Where R1=H, R2= OH for 7H4TFMC; R1= OH, R2= OH for 67DH4TFMC and R1=H, R2=OCH3 for 7M4TFMC. All the solvents used were of spectroscopic grade and were chosen in such a way that they were transparent and non-fluorescent in the range of excitation and fluorescence emission.
Spectroscopic measurements
The absorption and fluorescence spectra were recorded using Shimadzu-UV2450 and RF-5301PC spectrophotometer and spectrofluorometer, respectively. All the measurements were carried out at room temperature keeping dye concentration very low (~10 -6 M) in order to avoid self absorption. 
Computational details
The molecular orbital calculations have been carried out for these coumarins in gas phase. The ab-initio method with electron correlation function at Moller-Plesset 2 (MP2) level by using 6-31G standard basis set was used for this purpose. From the optimized geometry, the electronic and energetic parameters like dipole moment, in ground and excited state, frontier orbital energies, distribution of charge density and binding energies have been calculated. Throughout the computation, the r.m.s gradient and convergence limit were kept at 0.01 kcal/mol.Å and 0.01, respectively. For optimization process, HyperChem 7.52 package [37] is employed.
Theoretical considerations
The expression normally used in fluorescence spectroscopy is a simplified form of the equation first obtained by Lippert and Mataga et al. [38] [39] [40] [41] . It is based on the Onsager's reaction field theory, which assumes that the fluorophore is a point dipole residing in the center of a spherical cavity with radius a in a homogeneous and isotropic dielectric with relative permittivity ε. The Lippert-Mataga equation breaks down when in addition to the non-specific interactions, specific fluorophore-solvent interactions e.g., hydrogen bonding, electron-pair donor/electron-pair acceptor interactions also contribute significantly to the solute-solvent interaction. Another limitation results from the cavity radius, which is difficult to estimate for non-spherical molecule [20] . Here we report different solvent parameters, dielectric constant (ε), refractive index (n) and spectral parameters such as Stokes' shift which is useful for determination of dipole moments suggested by Bakshiev [42] and Kawski-Chamma-Viallet's [43] . They obtained a simplified quantum mechanical second order perturbation theory of absorption (νa) and fluorescence (νf) band shift in different solvents of varying permittivity (ε) and refractive index (n) relative to the band position of a solute molecule and based on which the following Equations are obtained.
where νa and νf are the absorption and fluorescence maxima wave numbers in cm -1 , respectively, n and ε are the refractive index and dielectric constant of the solvents, respectively.
The expression for Where μe and μg are excited state and ground state dipole moments of solute molecule respectively, 'a' is Onsager cavity radius , 'h' is Planck's constant and 'c' is the velocity of light in vacuum. The parameters m1 and m2 can be determined from absorption and fluorescence band shifts. If the ground and excited states are parallel then using above equations, the values of μg and μe can be obtained on the basis of Equations 5 and 6. The parameters m1 and m2 occurring for the differences (νa-νf) and the sum ½(νa+νf) of the wave-numbers, are linear functions of the solvent polarity parameters F1(ε, n) and F2(ε, n), respectively and can be determined from the slopes of the linear fits. The validity of the Equations 7 and 8 is based on certain assumption like considering both the dipole moments collinear or almost so. Also the same Onsager cavity radius 'a' in both ground and excited states is assumed.
The Onsager cavity radii 'a' from the molecular volume of molecules, given by Suppan's equation [44, 45] .
where M is the molecular weight of the dye; ρ is the density of the dye, assumed as 1.0 g/cm 3 [46] ; N being Avogadro's number, have been used to calculate the radii for the three coumarin derivatives in the present work. The value of 'a' has also been calculated at ab-initio level with 6-31G basis set for comparison. Table 4 . Values of solvent parameters (ε, n) and solvent polarity parameters F1(ε, n) and F2(ε, n) of different solvents (ε and n are from Ref. [20, 46] 
Results and discussion
Absorption and emission spectra of the three coumarin dyes were measured in solvents of different dielectric constant (ε) and refractive index (n) values. The emission spectra were measured by exciting the sample at its longest absorption maximum. The observed absorption and emission maxima, wave numbers, Stokes' shift (νa-νf) and ½(νa+νf) of the three molecules are listed in Tables 1-3 . It can be seen that the charge transfer band shows a shift of about 20 nm in the absorption spectra on changing the solvent whereas emission spectra show larger shift as compared to the absorption. The smaller variation in the absorption shift with solvent indicates that the ground state energy distribution is not affected to a greater extent possibly due to the less polar nature of the dyes in ground state rather than the excited state. The values of solvent parameters (ε, n) along with the polarity functions F1(ε, n) and F2(ε, n) are tabulated in Table 4 . It can be seen that the Stokes' shift is also large. The large Stokes' shift is also indicative of the charge transfer transition. The large magnitude of the Stokes' shift indicates that the excited state geometry could be different from that of the ground state. The general observation is that there is an increase in the Stokes' shift values with increasing solvent polarity indicating that there is an increase in the dipole moment on excitation. In such cases, the relaxed excited singlet-state S1 will be energetically stabilized relative to the ground state S0 and a significant red shift of fluorescence is observed. Figures 1 and 2 show graphs of the spectral shifts (νa-νf) and ½(νa+νf) (in cm -1 ) of 7H4TFMC with polarity functions F1(ε, n) and F2(ε, n). F1(ε, n) and ½(νa+νf) vs. F2(ε, n) , respectively; 'a' is the Onsager radius; μe and μg are the dipole moments in ground and excited state, respectively. Table 1 . Figure 3a and 3b shows the electronic absorption (UV-vis) and fluorescence emission spectra of 7H4TFMC in various solvents with different polarity. The slopes (m1 and m2) of the least square fit were taken to calculate the ground and excited state dipole moment of the three dyes. The slopes (m1 and m2) are displayed in Table 5 . The values of m1 and m2 are then used in the Equations 7 and 8 to calculate the dipole moments (μg and μe) of all the three dyes. The dipole moments μg and μe depend not only on m1 and m2 but also on radius of the solute. Table 5 ). The first correlation coefficient corresponds to the graph between (νa-νf) and F1(ε, n) and second corresponds to the graph between ½(νa+νf) and F2(ε, n), respectively. It is clear that on increasing solvent polarity, both absorption and emission bands undergo bathchromic shift (red shift). This means that there is charge transfer (CT) absorption of the less dipolar ground-state molecule with dominant mesomeric structure, leading to highly dipolar excited state and with the prominent structure of coumarins. A bathchromic shift upon increasing the solvent polarity of the solvent indicates as π→π* transition. Further, substituents have a marked effect on the position of absorption (νa) and fluorescence maxima (νf). The molecular orbital calculations have also been carried out for these coumarin derivatives and the results are displayed in Tables 6-7 . Recently, D. Mitnik [48] carried out computational calculation of coumarin derivatives to show the usefulness of these molecules for photovoltaic application on the basis of HOMO-LUMO orbitals. The highest occupied molecular orbital, HOMO, and the lowest unoccupied molecular orbital, LUMO, of a molecule are called the frontier orbitals.
It was Fukui [49] who first noticed the prominent role played by HOMO and LUMO in governing chemical reactions. It has been revealed by recent investigation that the gap in energy between the HOMO and LUMO is an important stability index [50] [51] [52] . A large gap implies high stability and small gap implies low stability. The high stability in turn indicates low chemical reactivity and small a gap indicates high chemical reactivity. It can be seen from the results that the energy gap (ΔE) between HOMO and LUMO state which are termed as chemical descriptor, is least in 67DH4TFMC suggestive of its high chemical reactivity and basic nature in comparison to other two dyes ( Table 6 ). Because of this behavior, this molecule shows maxima in absorption spectra, in highly polar solvent. This observation correlates well with the solvent formamide in which it gives maximum λa (Tables 1-3 ). The net atomic charge on O-atom in these molecules is listed in Table 7 . The carbonyl group in 67DH4TFMC is most reactive and capable of forming H-bond complex with aprotic solvents. Earlier, the molecular orbital treatment was studied for the electronic absorption spectra of coumarins by Rafie and Bahget [53] . They used semi-empirical method INDO for this purpose and concluded that π→π* transition band is more dominant than n→π* band. Later, N. Agmon [54] studied the proton transfer reaction in excited state for some α and β-Napthols.
Conclusion
The effect of protic, aprotic and non-polar solvents, on the absorption spectra and fluorescence emission spectra of the coumarin derivatives show that the dipole moments in the singly excited singlet-state are larger than the ground state. They all show π→π* transition than n→π* transition. These observations indicate the electrostatic and H-bond interactions. The computed values of the energy gap (ΔE) of these molecules suggest that 67DH4TFMC is found to be most reactive chemically and can be useful as laser dye.
